I
ron cofactors are required for the activity of hundreds of proteins that perform critical functions within cells. The simplest cofactors are mononuclear or dinuclear iron centers that are directly coordinated within the active sites of enzymes or regulatory proteins found throughout the cell. The more complex cofactors, heme and iron-sulfur (Fe-S) clusters, are synthesized by dedicated cellular machines. The final step of heme synthesis occurs exclusively within mitochondria, while heme proteins are located in every subcellular compartment 1 . Fe-S clusters are assembled and repaired in both the mitochondria and the cytosol, while Fe-S cluster proteins are additionally located in the nucleus 2, 3 . Each of these cofactors requires compartment-specific distribution systems that protect the cofactors from chemical attack, facilitate their insertion into target proteins and prevent their adventitious binding in nontarget sites. Cofactor assembly and distribution systems have been studied, but substantial gaps in our knowledge of these systems persist.
In the cytosol of mammalian cells, delivery of Fe(ii) ions to mono-and di-iron enzymes is facilitated by the PCBP family 4, 5 . PCBPs are adapter proteins that bind multiple types of ligands, affecting their fates [6] [7] [8] [9] [10] . PCBP1 and PCBP2 bind to cytosine-rich motifs in many types of RNAs and single-stranded DNAs, and can alter their processing. Structurally, PCBPs contain three conserved RNA-binding domains, termed heterogeneous nuclear ribonucleoprotein K homology (KH) domains, which have specific roles in interactions with RNA and proteins. PCBP1 and PCBP2 also function as iron chaperones in the cytosolic/nuclear compartment 11 . In vitro studies demonstrate that PCBP1 can bind three ferrous ions with affinities in the low micromolar range, similar to the levels of kinetically exchangeable iron in the cytosol 12 . The molecular details of how PCBPs coordinate labile iron have not been determined. PCBP1 and, to a lesser extent, PCBP2 deliver ferrous iron to ferritin, an iron storage protein, and to specific cytosolic iron enzymes 13 . These targets include the prolyl hydroxylases, which regulate hypoxia-inducible factor 1α and deoxyhypusine hydroxylase, which hypusinates eukaryotic translation initiation factor 5A 14, 15 . Mice lacking PCBP1 in bone marrow exhibit anemia and defects in red blood cell heme synthesis due to impaired flux of iron through ferritin 16 . PCBP2 can specifically interact with membrane proteins, facilitating iron import through DMT1 (ref. 17 ) and export through ferroportin 18 . PCBP2 may also capture iron released from heme oxygenase 1 and 2 (ref. 19 ). HEK293 cells depleted of PCBP1 or PCBP2 exhibit low activity of cytosolic aconitase 14 , a labile [4Fe-4S] cluster enzyme. This suggests that PCBP1 or PCBP2 may also be directly or indirectly involved in synthesis or repair of Fe-S clusters.
Iron-sulfur cluster assembly occurs in the cytosol via a system that is distinct from that in the mitochondria 20, 21 , and numerous proteins required for the maturation and distribution of [4Fe-4S] clusters to cytosolic and nuclear enzymes have been identified 2, 3 . However, the early steps that result in the assembly of a [4Fe-4S] cluster have remained unclear. In yeast, the initial steps of [2Fe-2S] cluster assembly occur on core machinery located in the mitochondria, and some product of this machinery is exported to the cytosol for cytosolic Fe-S assembly 20 . Mammalian cells exhibit dual localization of core components to both mitochondria and cytosol, which may facilitate de novo Fe-S assembly in the cytosol 22 . The earliest steps in cytosolic Fe-S cluster assembly require the incorporation of an inorganic sulfur species generated by cysteine desulfurase. This species is exported from mitochondria via the transporter ABCB7, although the chemical nature of this sulfur-containing species has not been defined and it may be produced in the cytosol as well 23 . Similarly, the source of iron for cytosolic Fe-S assembly has not been identified. The scaffolds on which the simplest clusters, [2Fe-2S], are assembled likely involve cytosolic isoforms of the core Fe-S machinery. Another candidate scaffold for assembly of cytosolic Fe-S clusters involves the cytosolic monothiol glutaredoxin, Glrx3. Yeast cells lacking Glrx3 homologs exhibit severe defects in cytosolic [4Fe-4S] assembly, while depletion of Glrx3 in fish and human cells leads to more subtle defects in Fe-S assembly and iron homeostasis [24] [25] [26] . Recent evidence indicates that Glrx3 functions as a [2Fe-2S] cluster chaperone in human cells and requires the cytosolic BolA-like protein, BolA2, to coordinate [2Fe-2S] clusters and transfer them to an early-acting component of the cytosolic Fe-S assembly machinery 27 .
A PCBP1-BolA2 chaperone complex delivers iron for cytosolic [2Fe-2S] cluster assembly
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Here we have used affinity capture and mass spectrometry to identify proteins that associate with PCBP1 in human cells. We identify BolA2 in complex with PCBP1 and demonstrate that PCBP1-BolA2 forms a distinct iron chaperone complex for cytosolic [2Fe-2S] cluster assembly.
results
BolA2 forms a complex with PCBP1 without Glrx3. To determine the proteins interacting with PCBP1 in mammalian cells, we performed proteomic analysis on complexes isolated from HEK293 cells expressing an inducible, amino (N)-terminal Flag-tagged PCBP1. Affinity purification followed by mass spectrometry analysis of PCBP1-Flag complexes revealed more than 200 interacting proteins, including RNA-binding proteins, ferritin and some novel targets 28 . PCBP1 was associated with the cytosolic BolA-like protein, BolA2 (Supplementary Table 1 ). Iron supplementation of cells enhanced the PCBP1-BolA2 interaction, while high-salt washes dissociated the PCBP1-BolA2 complex. Although Glrx3 is found in complex with BolA2 in HEK293 cells, Glrx3 was not found in immunoprecipitates of PCBP1. This association between PCBP1 and BolA2 was confirmed by reciprocal co-immunoprecipitation (co-IP) analysis using ectopically expressed proteins in HEK293 cells. Immunoprecipitation using anti-Flag resin followed by western blotting with anti-BolA2 serum revealed that BolA2 was readily detectable in immune complexes from cells expressing PCBP1-Flag, but not from cells containing an empty vector, confirming the specificity of the interaction (Fig. 1a) . Similarly, PCBP1 was identified in complexes from cells expressing BolA2-Flag, but was undetectable in cells containing empty vector (Fig. 1b) . We constructed inducible cell lines that expressed BolA2-Flag at levels similar to endogenous BolA2. PCBP1 was readily detected in immune complexes from this cell line, whether the PCBP1 was expressed at the endogenous level or overexpressed (Fig. 1c) . Thus, these results confirm that PCBP1-BolA2 complexes form in mammalian cells. In contrast, similar experiments designed to detect PCBP2 in complex with BolA2 did not reproducibly demonstrate PCBP2 in precipitates of BolA2-Flag ( Supplementary Fig. 1 ), indicating that the BolA2 complex was specific to PCBP1.
In human cells, BolA2 complexes with the cytosolic monothiol glutaredoxin, Glrx3 (ref. 27 ). To investigate whether Glrx3 was involved in the formation of PCBP1-BolA2, we performed co-IP in cells depleted of Glrx3 using small interfering RNA (siRNA). BolA2-Flag complexes from cells depleted of Glrx3 contained threefold higher levels of PCBP1-BolA2 compared with cells treated with control siRNA (Fig. 1d) . In contrast, cells overexpressing myctagged Glrx3 contained 60% lower levels of PCBP1-BolA2 compared with controls ( Fig. 1e) , suggesting that Glrx3 competes with PCBP1 for BolA2 binding. These results demonstrate that PCBP1 and BolA2 form a complex independent of Glrx3, and interaction between PCBP1 and BolA2 is enhanced in the absence of Glrx3.
BolA2 requires PCBP1 to bind iron without Glrx3. In human cells, the BolA2-[2Fe-2S]-Glrx3 chaperone complex serves as a rapidly expandable pool of Fe-S clusters and responds to changes in cellular iron status 27 . However, BolA2 has not been reported to bind iron independently. To directly measure the amount of iron associated with BolA2, we induced BolA2-Flag expression, labeled cells with 55 FeCl 3 and measured the amount of 55 Fe coprecipitating with BolA2-Flag (Fig. 2a) . We detected 55 Fe in BolA2-Flag complexes at levels fivefold greater than uninduced control cells, 
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Nature ChemiCal Biology indicating that we could measure the 55 Fe associated with BolA2. To test whether Glrx3 was required for iron binding to BolA2, we depleted Glrx3 and found that the amount of 55 Fe bound to BolA2-Flag was only modestly diminished (<20% reduction) compared with Glrx3-expressing cells (Fig. 2b) . To test whether PCBP1 was required for iron binding to BolA2, we measured the amount of 55 Fe coprecipitated with BolA2-Flag from PCBP1-depleted or PCBP1-overexpressing cells under Glrx3-depleted conditions. The amount of 55 Fe associated with BolA2-Flag was markedly reduced (>80% reduction) in cells depleted in both PCBP1 and Glrx3 (Fig. 2c) . In contrast, when PCBP1 was overexpressed in the absence of Glrx3, we measured a 300% increase in 55 Fe bound to BolA2-Flag. These results suggested that iron binding to BolA2 largely depends on PCBP1 and does not require Glrx3.
PCBP1-BolA2 requires iron and glutathione for stability. In human cells, BolA2-Glrx3 complex formation depends on the incorporation of [2Fe-2S] clusters 27 . BolA2 forms a [2Fe-2S]-bridged heterotrimeric complex with Glrx3, with iron ions coordinated by a conserved cysteine and histidine from BolA2, a cysteine from Glrx3 and the cysteine moiety of noncovalently bound, reduced GSH on Glrx3 (refs. 25, 29 ). GSH is an abundant tripeptide, attaining concentrations of 2-10 mM in mammalian cells, and serves as the primary intracellular thiol redox buffer and cofactor for glutaredoxins and other antioxidant enzymes 30 . To understand complex formation between PCBP1 and BolA2, we overexpressed PCBP1 and BolA2-Flag and performed co-IP in the presence or absence of GSH and/or iron. PCBP1-BolA2 was stable to immunoprecipitation when isolated in buffer containing 5 mM GSH (Fig. 3a) . In contrast, addition of iron chelators and/or omission of GSH destabilized the complex, resulting in a 70% decrease in PCBP1-BolA2. Moreover, addition of an alternative reducing agent, dithiothreitol, did not result in stabilization of PCBP1-BolA2 complexes ( Supplementary Fig. 2 ). These data suggest that both iron and GSH are required for stable PCBP1-BolA2 complex formation.
We next determined whether inorganic sulfur was required for the PCBP1-BolA2 interaction. Nfs1 encodes the sole cysteine desulfurase in mammalian cells; cells lacking this enzyme are unable to produce sulfide for both mitochondrial and cytosolic Fe-S cluster synthesis 31 . Using siRNA, we depleted Nfs1 and/or Glrx3 in the inducible BolA2-Flag cell line, labeled cells with Fe and PCBP1 coprecipitating with BolA2-Flag (Fig. 3b) . The amounts of 55 Fe coprecipitated with BolA2-Flag were similar in control-, Glrx3-and Nfs1/Glrx3-depleted cells. Furthermore, the cells depleted of Nfs1 and Glrx3 contained similar levels of PCBP1-BolA2 to the control cells, suggesting that inorganic sulfide or an Fe-S cluster were not required for iron binding to BolA2, or for PCBP1-BolA2 complex formation.
Because Glrx3 appears to compete with PCBP1 for binding and iron coordination with BolA2, we questioned whether the same site on BolA2 was involved in the formation of both complexes. Conserved Cys 31 and His 68 in human BolA2 are required for Fe-S ). Both PCBP1 and Glrx3 were readily detectable in anti-Flag IPs from cells expressing wild-type BolA2-Flag compared with an empty vector negative control (Fig. 3c) . In BolA2-Flag mutants, C31S and H68A, levels of coprecipitating Glrx3 and PCBP1 were reduced to 25% and 5% of wild-type levels, respectively. These results suggest that the same iron-binding residues on BolA2 are necessary for the formation of the BolA2-Fe-PCBP1 as well as the BolA2-[2Fe-2S]-Glrx3 complex.
PCBP1 delivers iron to the BolA2-[2Fe-2S]-Glrx3 complex.
Whether PCBP1 requires GSH, or a protein partner such as BolA2, for iron coordination in cells remains to be determined. We transfected cells with plasmids encoding PCBP1-Flag and BolA2 or a control plasmid, labeled cells with 55 FeCl 3 and measured the amount of iron and BolA2 coprecipitating with PCBP1 (Fig. 4a) . The amount of BolA2 coprecipitating with PCBP1 mirrored the overall level of BolA2 expression: cells overexpressing BolA2 exhibited abundant BolA2-PCBP1, while cells expressing low levels of BolA2 exhibited very low amounts of the complex. In contrast, similar amounts of 55 Fe were associated with PCBP1-Flag from cells overexpressing BolA2 or not, suggesting that PCBP1 binds iron independently of BolA2. To determine the effect of GSH on iron binding to PCBP1, we measured the amount of 55 Fe associated with PCBP1 when BolA2 was low and GSH was omitted from the lysis buffer. In the absence of GSH, the 55 Fe bound to PCBP1 fell to 10% of the level present when buffer contained GSH (Fig. 4a) . Collectively our data indicated that PCBP1 requires GSH, but not BolA2, to bind iron.
Unlike in vitro studies 32 or studies in yeast cells 33 , formation of a BolA2-Glrx3 complex in human cells requires the coordination of [2Fe-2S] clusters; in the absence of Fe-S clusters, BolA2 and Glrx3 do not form a stable complex 27 . Because PCBP1 is involved in the distribution of ferrous iron in the cytosol of mammalian cells 11, 14, 15 , we tested whether the iron chaperone activity of PCBP1 was required to form BolA2-[2Fe-2S]-Glrx3 complexes. Cells expressing or Fe bound to BolA2 complexes from cells lacking Nfs1. Inducible EV or BolA2-F cells were treated with NT, Glrx3 or Nfs1 siRNAs and labeled with 55 FeCl 3 . WCE and anti-Flag IPs were analyzed by immunoblotting for Nfs1, Glrx3, PCBP1 and BolA2-F and by scintillation counting (left) with quantitation (right). Data are mean ± s.d. of n = 3 independent experiments. c, Requirement of BolA2 iron-binding residues for interactions with Glrx3 and PCBP1. Stable cell lines expressing EV, wild type (WT), C31S or H68A mutants of BolA2-F were examined by IP (left) with quantitation (middle). Data are mean ± s.d. of n = 3 independent experiments. Significant P values (P < 0.01), as determined by two-tailed unpaired t-test relative to WT control, are shown. Homology model of human BolA2 on murine structure (PDB 1V9J, sequence identity 87%), conserved iron-binding residues shown in red (right). Uncropped western blots are presented in Supplementary Fig. 15 .
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Nature ChemiCal Biology depleted of PCBP1, or the homologous PCBP2, were examined for BolA2-[2Fe-2S]-Glrx3 formation (Fig. 4b) . Isolated BolA2-Flag immune complexes from cells lacking PCBP1 contained less than 30% of the Glrx3 found in control cells expressing PCBP1, indicating that PCBP1 is required for the formation of the [2Fe-2S] clusters needed to form the BolA2-[2Fe-2S]-Glrx3 complex and that endogenous PCBP2 cannot substitute for PCBP1. Surprisingly, cells lacking PCBP2 exhibited enhanced BolA2-[2Fe-2S]-Glrx3 complex formation. Co-depletion of both PCBP1 and PCBP2 resulted in impaired complex formation, indicating that PCBP1 is required for the enhanced complex formation seen in PCBP2-depleted cells. Overall, these data suggest that PCBP1 has a specific role in providing iron for the formation of the BolA2-[2Fe-2S]-Glrx3 complex. PCBP2 may impact this process by competing with PCBP1 for cytosolic iron.
Previous work shows that the loss of iron chaperone activity associated with PCBP1 depletion can be rescued by supplementing cells with excess iron at levels sufficient to raise the cytosolic pool of iron 14, 15 . We tested the effects of iron supplementation on BolA2-Glrx3 formation and found that, again, BolA2-[2Fe-2S]-Glrx3 complex formation was enhanced in control cells. Furthermore, complex formation in cells lacking PCBP1 could be restored by iron supplementation, indicating that the iron chaperone activity of PCBP1 promoted [2Fe-2S] cluster formation on Glrx3 and BolA2 (Fig. 4c) .
KH3 domain promotes [2Fe-2S] formation on BolA2-Glrx3.
Structurally, PCBPs contain three KH domains: KH1 and KH2 in the amino terminus and KH3 in the carboxyl terminus, which are separated by an unstructured variable domain. We mapped the domain(s) of PCBP1 involved in interactions with BolA2. PCBP1 variants containing individual Flag-tagged domains were expressed in cells and examined for their capacity to coprecipitate BolA2 ( Fig. 5a and Supplementary Fig. 3 ). Interestingly, both the KH1 and KH3 domains coprecipitated BolA2 at levels similar to the fulllength PCBP1, while the KH2 domain exhibited no interaction. Coprecipitation of BolA2 with the KH1 or KH3 domain was lost in the absence of GSH or iron, as was observed earlier with full-length PCBP1 (Fig. 3a) . Thus, iron-and GSH-dependent BolA2 binding occurs with both the KH1 and KH3 domains of PCBP1.
We next determined whether a single KH domain could substitute for the full-length PCBP1 in facilitating BolA2-[2Fe-2S]-Glrx3 complex formation. We depleted endogenous PCBP1, expressed siRNA-resistant PCBP1 or KH-Flag domains and then measured the amount of Glrx3 coprecipitating with BolA2-Flag. As observed in Fig. 4b , the BolA2-Glrx3 complex was destabilized on depletion of endogenous PCBP1 (Fig. 5b) and overexpression of full-length PCBP1 restored the BolA2-Glrx3 complex to nontargeting control levels. In contrast, neither KH1 nor KH2 domains restored the BolA2-Glrx3 complex in the absence of PCBP1, despite the capacity Data are mean ± s.d. of n = 3 independent experiments. For all experiments significant P values (P < 0.05), as determined by two-tailed unpaired t-test relative to control, are shown. NS, not significant. Uncropped western blots are presented in Supplementary Fig. 16 .
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Nature ChemiCal Biology of KH1 to bind to BolA2. Instead, KH3 overexpression was sufficient to restore BolA2-Glrx3 complex formation to the level of full-length PCBP1. These data indicated that the carboxyl-terminal KH3 domain of PCBP1 was functionally sufficient to promote formation of the BolA2-[2Fe-2S]-Glrx3 complex in cells lacking endogenous PCBP1.
We then conducted a structure-function analysis of the BolA2-KH3 complex using site-directed mutagenesis of the KH3 domain. After examining the crystal structure of KH3, we engineered substitution mutations in (1) a conserved cysteine (Cys 293) reported to undergo iron-dependent homocysteinylation 34 , (2) residues identified by modeling GSH binding on KH3, (3) residues in the vicinity of Cys 293 that could serve as N-, O-and S-based Fe(ii) ligands 35 and (4) residues coordinating RNA in the structure of a KH3-RNA complex 36 . Wild-type and mutant versions of KH3 were expressed in cells and examined for their capacity to coprecipitate BolA2 (Fig. 5c,d and Supplementary Fig. 4 ). KH3 mutants carrying substitutions in residues coordinating RNA (Gly 296, Arg 297, Gly 299, Arg 306, Arg 325) demonstrated BolA2 binding at levels similar to wild-type KH3, suggesting that the binding site for BolA2 was distinct from the RNA-binding site. In contrast, KH3 mutants, C293S, N301A, E304S, R346A, E350A, N301A/R346A, bound BolA2 at levels of 5-30% of wild-type KH3. We further analyzed the 55 Fe-binding activity of these KH3 mutants and found that all of the amino-acid substitutions that impaired BolA2 binding also reduced iron coordination to levels of 10-30% of wild-type KH3 (Fig. 5c) Supplementary Fig. 4 ), suggesting the iron-binding function of Cys 293 was specific and not a general feature of sulfhydryl residues on KH3. Together, these data suggested that KH3 can directly coordinate both GSH and iron at adjacent sites on the domain and that both ligands are required for coordination of BolA2.
Finally, we determined whether the C293S mutation in fulllength PCBP1 could block the formation of the BolA2-[2Fe-2S]-Glrx3 complex. We expressed wild-type or mutant PCBP1 C293S in PCBP1-depleted cells and measured the formation of the BolA2-Glrx3 complex (Fig. 5e) . Mutant PCBP1 C293S did not support complex formation, as levels of coprecipitated Glrx3 were similar to those of PCBP1-depleted control cells. Thus, the Fe-GSH binding site on the KH3 domain of PCBP1 was necessary and sufficient to facilitate formation of the BolA2-[2Fe-2S]-Glrx3 complex.
Allosteric binding of iron and GSH to KH3. Our data obtained from cells suggested that both iron and GSH were involved in the formation of the BolA2-KH3 complex. To determine the effects of each ligand on the binding of the other, we purified recombinant KH3 and BolA2 (Supplementary Fig. 5 ) and performed in vitro analyses of ligand binding. To measure the allosteric effects of Fe(ii) on the binding of GSH by the PCBP1 KH3 domain, we used microscale thermophoresis of fluorescently labeled KH3 (Fig. 6a) . Titration of GSH in buffers without iron indicated an apparent K d = 390 ± 50 μM, while titration of GSH in buffer containing 10 μM Fe(ii) demonstrated an approximately fivefold higher affinity of GSH for KH3, with K d = 80 ± 10 μM. We confirmed the effect of iron on in vitro GSH binding by KH3 using the [ Fig. 6 ). Wild-type KH3 directly bound GSH in the absence of added iron and increased GSH binding twofold in the presence of Fe(ii), while mutant KH3 C293S exhibited wild-type levels of GSH binding that did not increase with addition of iron, thus supporting the allosteric activity of iron.
To characterize precisely iron coordination by the purified KH3 domain of PCBP1, we determined its Fe(ii) binding affinities and the allosteric effects of GSH using the competitive iron-binding chromophore Mag-fura-2 (MF2). Iron binding by MF2 was monitored spectrophotometrically 37, 38 and glutathione at physiological concentrations did not interfere with iron binding ( Supplementary  Fig. 7a ). We then titrated Fe(ii) into a mixture of MF2 and purified KH3 ( Supplementary Fig. 7b ), calculated the free Fe(ii) and Fe-KH3/ total KH3 levels and determined the K d and apparent stoichiometry for the Fe-KH3 complex (Fig. 6b) . For wild-type KH3-bound Fe(ii) in the absence of glutathione the value of K d was 4.2 ± 0.7 µM. GSH increased the affinity of KH3 for Fe(ii) approximately fivefold, with K d = 0.8 ± 0.1 µM in 5 mM GSH and a stoichiometry of 1:1. We confirmed these measurements by performing similar analyses using the chromophore Fura-4F, which exhibits a higher affinity for Fe(ii) (Supplementary Fig. 8 ). The C293S KH3 variant showed substantially lower Fe(ii) binding affinities, with K d = 16.4 ± 2.7 µM at 0 mM GSH and K d = 9.4 ± 1.3 µM at 5 mM GSH. Fe binding to the C293S variant exhibited a metal:protein stoichiometry nearer to 0.5:1, suggesting that this mutant KH3 may coordinate Fe(ii) as a dimer. Thus, GSH binding can allosterically stabilize the Fe-KH3 complex. Furthermore, the affinity of Fe(ii) for KH3 in the presence of GSH is sufficient to promote Fe(ii)-PCBP1 complex formation in the cytosol, as the concentration of chelatable iron in the cytosol has been measured in the low micromolar range (0.5-2 µM) 12, 39, 40 . Significant P values (P < 0.05), as determined by two-tailed unpaired t-test, are shown. Uncropped western blots are presented in Supplementary Fig. 17 .
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We determined whether the identified factors were sufficient to reconstitute the KH3-BolA2 complex in vitro. We mixed purified KH3-Flag and BolA2 in buffer with or without Fe(ii) and GSH and determined the amount of BolA2 bound to KH3-Flag after capture on the anti-Flag resin (Fig. 6c) . The in vitro reconstitution closely mimicked complex formation in cells: BolA2 was coprecipitated with KH3-Flag only in the presence of Fe and GSH. Reconstitution of the KH3-BolA2 complex without any added source of sulfur supported our observation that the KH3-BolA2 complex coordinates iron, but not an iron-sulfur cluster. Similar experiments using BolA2 and KH3-Flag variant C293S failed to reconstitute the KH3-BolA2 complex, even with addition of Fe and GSH (Fig. 6d) , indicating that iron coordination by Cys 293 of the KH3 domain was required for complex formation with BolA2. We determined the stoichiometry of the KH3-BolA2 complex using size-exclusion chromatography ( Supplementary Fig. 9 ). In the absence of GSH and iron, a mixture of KH3 and BolA2 migrated as monomers at the expected molecular sizes of 15 and 12 kDa, respectively. In mixtures of BolA2 and KH3 that included GSH and iron, a complex of BolA2-KH3 was detected at the molecular size of 27 kDa, indicating formation of a 1:1 BolA2-KH3 heterodimer.
To examine quantitatively the effect of GSH on BolA2-KH3 complex formation, we performed in vitro reconstitution and quantitative pulldown assays across a broad range of GSH concentrations ( Fig. 6e and Supplementary Fig. 10 ). The affinity of GSH for the BolA2-KH3 complex was K d = 86 ± 25 µM, which was similar to the affinity of GSH for KH3 alone in the presence of iron (Fig. 6a) . Because BolA2 binding did not affect the apparent affinity of GSH for the BolA2-KH3 complex, these data suggest that the GSH bound to KH3 does not directly interact with the BolA2 protein.
Furthermore, these data support a model in which a molecule of GSH, noncovalently bound to KH3, contributes directly to the coordination of iron in KH3 by serving as an iron ligand, and making the KH3-bound iron sterically available for coordination with BolA2.
Finally, we determined the affinity of BolA2 for the intact, preformed KH3-Fe-GSH complex. We mixed KH3-Flag with Fe(ii) and GSH, then added BolA2 in a range of concentrations (Fig. 6f) . The apparent dissociation constant for the KH3-BolA2 complex was K d = 0.9 ± 0.3 µM. Because the affinities of Fe and GSH for KH3 and of KH3 for BolA2 determined in these studies are concentrations within the physiological range present in cells, the iron chaperone complexes defined in these in vitro studies likely represent complexes that form in cells.
Discussion
The studies presented here reveal functions of PCBP1 in complex with BolA2. Together, they form an iron chaperone complex, transferring iron in the early steps of cytosolic Fe-S cluster assembly, Articles Nature ChemiCal Biology thus linking the cytosolic labile iron pool to the cytosolic Fe-S cluster assembly process. These studies also demonstrate that PCBP1 can bind iron in the cytosol as an Fe(ii)-GSH complex. Previous in silico analyses of potential small-molecule ligands for iron suggested that over 95% of the kinetically exchangeable cytosolic iron pool is likely to be coordinated by the free thiol in reduced GSH 41 . Here we show that the KH3 domain (and probably the KH1 domain) of PCBP1 binds Fe and GSH with 1:1 stoichiometries and affinities that, at equilibrium, would support complex formation in the cytosol. The allosteric effects of each ligand on the binding of the other ligand support the coordination of an Fe-GSH complex on KH3 in which the free sulfhydryl of GSH functions as an iron ligand, along with Cys 293 and Glu 350, to stabilize bound iron. GSH coordination appears to be necessary for the Fe(ii) to coordinate the Cys 31 and His 68 ligands of BolA2, as the iron-bound form of KH3 without GSH did not bind BolA2 in vitro. In silico docking analysis between KH3 and BolA2 suggested a possible electrostatic protein-protein interaction wherein the putative iron-binding residues on BolA2 and KH3 are positioned at the modeled interface of the two protomers ( Supplementary Fig. 10 ) 42 . The coordination of Fe-GSH on KH3 may confer selectivity for Fe(ii), as cytosolic manganese, although present in concentrations similar to Fe(ii), binds GSH with >100-fold lower affinity than Fe(ii) 43 . Thus, the coordination of Fe-GSH complexes on PCBP1 potentially accounts for its metal specificity as an iron chaperone and suggests that much of the cytosolic iron pool is in the form of PCBP1-Fe-GSH complexes.
The Cys 293 residue that is critical for iron binding on KH3 was previously identified as a site that modulates the RNA-binding activity of PCBP1. In folate-deficient placental cells, PCBP1 (also called hnRNP E1) is reversibly homocysteinylated on Cys 293, which enhances its affinity for folate receptor mRNA and increases the expression of folate receptor 34, 44, 45 . In these studies, iron and glutathione reduce the affinity of PCBP1 for mRNA, which is likely due to the coordination of Fe-GSH. Thus the RNA-binding and iron chaperone activities of PCBP1 may be coordinately regulated in cells.
Our genetic loss-of-function studies indicate that PCBP1 is required for the formation of the [2Fe-2S] clusters that bridge the Glrx3-[2Fe-2S]-BolA2 complex. In human cells, Glrx3 and BolA2 form a complex only when they coordinate the bridging [2Fe-2S] clusters. Although both the KH1 and the KH3 domains of PCBP1 bound to BolA2 in an Fe-and GSH-dependent manner, only KH3 could support the formation of [2Fe-2S] clusters on the BolA2-Glrx3 complex in cells. Sequence comparison of KH1 and KH3 reveals that Cys 293 in KH3 is not conserved in KH1, although residues that could contribute O − ligands are present. Thus, the sulfhydryl from Cys 293 may be specifically required to facilitate transfer of Fe(ii) or Fe-GSH from PCBP1-BolA2 to BolA2-Glrx3 ( Supplementary Fig. 11 ). The origin and chemical form of the sulfur species that contributes sulfide to the nascent BolA2-[2Fe-2S]-Glrx3 complex is not known, but could be initially coordinated by either BolA2, Glrx3 or both. An alternative model posits that the PCBP1-Fe-GSH-BolA2 complex could serve to repair or restore a damaged or partially assembled cluster on Glrx3; these models are not mutually exclusive and both could be occurring in cells.
The Glrx3-[2Fe-2S] 2 -BolA2 2 complex can function as an Fe-S cluster chaperone, binding and transferring its [2Fe-2S] clusters to the apo-form of Ciapin1 (also called anamorsin). Ciapin1 coordinates a pair of Fe-S clusters and functions in the early steps of cytosolic [Fe-S] assembly 29, 46 . Cluster transfer from Glrx3-[2Fe-2S] 2 -BolA2 2 to Ciapin1 has been observed in vitro and in cells. We show that PCBP1 provides an entry point for iron in the assembly or repair of cytosolic Fe-S clusters and that the PCBP1-Fe-GSHBolA2 complex serves as an intermediate for the transfer of iron to Glrx3-BolA2. Whether the PCBP1-Fe-GSH-BolA2 complex can transfer iron to other targets, or is required for the efficient capture of iron from other sources, is an important question that awaits further investigation. 
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability A data availability statement has been included in the text along with accession numbers.
